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On t h e  Height of Auroral Absorpt ion,  I1 

by 
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ABSTRACT 

S t a t i s t i c a l  d a t a  from Alouet te  and Tnjun 3 g iv ing  t h e  average 

p r e c i p i t a t i o n  ratE nf e l e c t r o n s  i n  t h e  a u r o r a l  zone a s  a func t ion  of 

energy,  a r e  analyzed wi th  regard t o  t h e  average r a d i o  wave abso rp t ion  

produced by i o n i z a t i o n  by e l e c t r o n s  i n  t h e  energy ranges 1 - 40 kev and 

40 - 250 kev, From t h e  s a t e l l i t e  d a t a ,  i t  i s  found t h a t  t h e  h ighe r  

energy range f o r  t h e  primary e l e c t r o n s  i s  t h e  dominating one i n  producing 

abso rp t ion  a t  r iometer  f requencies .  From t h i s  it fo l lows  t h a t  t h e  

m a j o r i t y  of a u r o r a l  abso rp t ion  takes  p l a c e  below 90 km a l t i t u d e  i n  t h e  

a u r o r a l  zone. 
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Pos t  - Doctoral  Resident  Research Assoc ia t e  on leave  of absence from 
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I n t r o d u c t i o n  

The obse rva t ion  of a ve ry  small d i f f e r e n c e  between ionosphe r i c  abso rp t ion  

of cosmic r a d i o  n o i s e  a s s o c i a t e d  wi th  aurora  and magnetic d i s t r u b a n c e s ,  so 

c a l l e d  a u r o r a l  abso rp t ion ,  be fo re  and a f t e r  s u n r i s e  and sunse t  as compared t o  

what w a s  expected from e x i s t i n g  models has  made t h e  h e i g h t  of a u r o r a l  

a b s o r p t i o n  a parameter of g r e a t  importance f o r  t h e  understanding of t h e  

e l e c t r o n  r e a c t i o n s  i n  t h e  lowest  ionosphere (c f .  e.g. H u l t q v i s t  1963 a ,  b ,  

1964). There would be fewer d i f f i c u l t i e s  i n  o b t a i n i n g  cons i s t ency  between 

d i f f e r e n t  t ypes  of experimental  r e s u l t s  i f  t h e  a u r o r a l  abso rp t ion  could be 

shown t o  t a k e  p l ace  mainly i n  t h e  he igh t  i n t e r v a l  where t h e  l i g h t  emissions 

are most ly  produced, i .e. i n  t h e  E-layer.  Proposals  have been o f f e r e d  t h a t ,  i n  

f a c t , .  t h i s  i s  what i n  general  occu r s  (Brown and Barcus, 1963). Seve ra l  k inds  

of obse rva t iona l  d a t a  i n d i c a t e ,  however, t h a t  most of t h e  a u r o r a l  abso rp t ion  i s  

caused by i o n i z a t i o n  w e l l  below t h e  E-layer ( c f .  H u l t q v i s t ,  1962, 1963 b y  

1964). 

Recent ly  more obse rva t ions  r e l evan t  t o  t h e  h e i g h t  of a u r o r a l  a b s o r p t i o n  

have been obtained.  

t h e  c o r r e l a t i o n  between a u r o r a l  t ype  of abso rp t ion  and v i s u a l  au ro ra  and has  

found t h a t  " au ro ra l  abso rp t ion"  i s  n o t  one w e l l  de f ined  type  of phenomenon bu t  

Ansari  (1963) has  analysed more c a r e f u l l y  than  be fo re  

c o n t a i n s  a t  l eas t  two a b s o r p t i o n  phenomena d i f f e r e n t  w i th  regard t o  t h e  energy 

c h a r a c t e r i s t i c s  of t h e  i o n i z i n g  corpuscular  r a d i a t i o n .  While some r a d i o  wave 

a b s o r p t i o n  i s  w e l l  c o r r e l a t e d  with t h e  i n t e n s i t y  of v i s u a l  a u r o r a ,  e s p e c i a l l y  

i n  t h e  e a r l y  p a r t  of t h e  n i g h t ,  he found t h a t  t h e r e  i s  one type ,  occu r r ing  

a f t e r  l o c a l  midnight ,  t h a t  i s  n o t  c o r r e l a t e d  wi th  t h e  l i g h t  i n t e n s i t y .  

This  i s  t h e  type  of a u r o r a l  abso rp t ion  which i s  caus ing  t h e  morning peak of 

t h e  d i u r n a l  v a r i a t i o n  of t h e  abso rp t ion  i n  t h e  a u r o r a l  zone. The low l i g h t  

emission p e r  abso rp t ion  u n i t  i n d i c a t e s  t h a t  t h e  energy of t h e  primary 
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e l e c t r o n s  i s  much h ighe r  than  f o r  t h e  e l e c t r o n s  t h a t  cause  t h e  v i s i b l e  aurora .  

The increased  p e n e t r a b i l i t y  of t h e  h ighe r  energy e l e c t r o n s  produces t h e  enhance- 

ments i n  i o n i z a t i o n  much deeper  i n  t h e  atmosphere. 

New extens ive  mul t ip le - f requency  r iometer  measurements of a u r o r a l  

abso rp t ion  ( L i t t l e  e t  a l e ,  1963, L e r f a l d  e t  a l . ,  1964) have shown t h a t  

some 60% of 112 s tud ied  cases  had t h e  maximum i n  t h e  absorption-perLkm of 

a l t i t u d e  f o r  20 Mc/s cosmic r a d i o  n o i s e  a t  an  a l t i t u d e  h ighe r  than 72 km, 

wh i l e  f o r  some 10% of t h e  cases  the  maximum absorption-per-km was loca ted  a t  

o r  below 60 km a l t i t u d e .  

h e i g h t  information i n  t h e  a l t i t u d e  range 35-75 km. It cannot  t e l l  whether 

t h e r e  i s  some s i g n i f i c a n t  amount of abso rp t ion  t ak ing  p l a c e  up i n  t h e  E- layer  

i n  t h e  presence of abso rp t ion  a l s o  i n  t h e  35-75 km i n t e r v a l ,  f o r  i n s t a n c e .  

B u t  even so t h e  f a c t  t h a t  i n  some 40% of 112 a u r o r a l  abso rp t ion  cases  s t u d i e d  

t h e  peak absorption-per-km w a s  a t  o r  below 7 2  km taken t o g e t h e r  wi th  t h e  f a c t  

t h a t  bremsstrahlung x- rays  a r e  probably n e g l i g i b l e  i n  producing r iometer  

abso rp t ion  (Ansari 1963, Hu l tqv i s t  1963 c ,  1964, Brown, 1964) i s  enough f o r  

demonstrat ing t h e  importance of h igher  energy e l e c t r o n s  p e n e t r a t i n g  wel l  

below t h e  v i s i b l e  aurora .  The above-mentioned new r e s u l t s  were obtained from 

ground observat ions of cosmic n o i s e  abso rp t ion .  

The mul t i - f requency  abso rp t ion  technique  provides  

Measurements on s a t e l l i t e s  (Mann e t  a l . ,  1963) of t h e  primary p a r t i c l e s  

which cause the abso rp t ion  have shown t h a t  t h e r e  sometimes e x i s t s  an i n f l u x  

of e l e c t r o n s  with a spectrum s o  f l a t  t h a t  t h e  absorption-per-km h e i g h t - p r o f i l e  

caused by them has i t s  maximum a t  about  70 km ( H u l t q v i s t ,  1964). 

abso rp t ion  produced by t h e s e  observed f l a t - spec t rum-e lec t rons  i s  h ighe r  than 

t h a t  caused by t h e  s t e e p  e l e c t r o n  s p e c t r a  of McIlwain (1960) type,observed i n  

v i s i b l e  aurora, even f o r  very  s t r o n g  au ro rae .  These d i r e c t  obse rva t ions  of t h e  

primary p a r t i c l e s  t hus  showed t h a t  a t  l e a s t  sometimes most of t h e  a u r o r a l  

The t o t a l  
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a b s o r p t i o n  i s  loca ted  below 90 km a l t i t u d e .  However, due t o  t h e  s h o r t  l i f e  

t i m e  of t h e  s a t e l l i t e s  from which t h e  measurements were? made (on ly  a few days)  

no good s t a t i s t i c a l  information abotit the occurrence frequency of t h e  v a r i o u s  

types of primary e l e c t r o n  s p e c t r a  was obtained. It i s  t h e  purpose of t h i s  

n o t e  t o  p o i n t  out t h a t  t h e  measurements by means of A loue t t e  (McDiarmid e t  

a l . ,  1963) and I n j u n  3 (O'Brien,  1964) of p r e c i p i t a t i o n  of e l e c t r o n s  i n t o  

t h e  atmosphere make i t  p o s s i b l e  t o  a t t a i n  a rough idea  about how important 

t h e  e l e c t r o n s  i n  t h e  Energy ranges 1 - 40 kev and 40 - 250 kev, r e s p e c t i v e l y ,  

a r e  f c r  producing t h e  aur2ra2 aDs2rpt icx ,  ar?d, t h e r e f o r e ,  t o  provide ano the r  

p i e c e  of experimental  i n f o r n a t i o n  independent of t h e  ground obse rva t ion  of 

cosmic n o i s e  abso rp t ion  about t h e  height  d i s t r i b u t i o n  of t h e  a u r o r a l  abso rp t ion .  

This  i n fo rma t ion ,  i n  p r i n c i p l e ,  covers  t h e  whole h e i g h t  i n t e r v a l  of i n t e r e s t ,  

c o n t r a r y  t o  t h e  m u l t i - f r e q u e n q  r iometer  measurements. 

S a t e l l i t e  obse rva t ions  of e l e c t r o n  p r e c i p i t a t i o n  i n  t h e  a u r o r a l  zone 

McDiarmid e t  a l .  (1963) have reported r e s u l t s  of e l e c t r o n  f l u x  measurements 

on board t h e  Aloue t t e  s a t e l l i t e  du r ing  s e v e r a l  hundred passes  through t h e  a u r o r a l  

zone a t  a n  a l t i t u d e  of about 1 0 2 5  km i n  t h e  pe r iod  October 1962 through 

January 1963. 

of two Geiger-Mcller t ubes  having e l e c t r o n  energy t h r e s h o l d s  of 40 and 250 kev. 

McDiarmid e t  al. found t h a t  t h e  e l e c t r o n  spectrum becomes p r o g r e s s i v e l y  s o f t e r  

and ve ry  v a r i a b l e  above about 59" i n v a r i a n t  l a t i t u d e .  The f l u x  of e l e c t r o n s  

wi th  energy g r e a t e r  than 40 kev p r e c i p i t a t e d  i n t o  t h e  atmosphere had i t s  

maximsm a t  an i n v a r i a n t  l a t i t u d e  of 65 t o  67O. The d a t a  w e r e  analyzed f o r  

two d i f f e r e n t  ranges of $, namely < 4 and > 4 .  

The measurements of s p e c i a l  i n t e r e s t  h e r e  were made by means 

The average f l u x  of p r e c i p i t a t e d  

5 e l e c t r o n s  a t  t h e  maximum i n  t h e  a u r o r a l  zone was found t o  be 3.10 e l e c t r o n s /  

c m  sec s ter  f o r  t h e  h igh  Kp range and 10 t i m e s  l e s s ' f o r  t h e  low $ range. 2 The 
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h a l f  va lue  width of t h e  l a t i t u d e  d i s t r i b u t i o n  w a s  some 8 degrees  f o r  K 

and about 12 degrees f o r  K 

> 4 P 
< 4. P 

On t h e  average, t h e  peak i n t e n s i t y  of p r e c i p i t a t e d  e l e c t r o n s  wi th  ene rg ie s  

g r e a t e r  than 250 kev occurred a t  an  i n v a r i a n t  l a t i t u d e  of 60° and was 

2 3 2 approximatt ly  1.9*103 el tc t rons/crn scc s tcr  and 2.6010 

f o r  t h e  low and high ranges of I$, r e s p e c t i v e l y .  

found t o  be smaller  than f o r  40 kev e l e c t r o n s .  

e l ec t rons / cm sec ster 

The l a t i t u d e  spread w a s  

Because no d e t a i l e d  l a t i t u d e  d i s t r i b u t i o n  of t h e  f l u x  of 250 kev e l e c t r o n s  

i s  given by McDiarmid e t  a l . ,  we w i l l  assume t h a t  t h e  average f l u x e s  a t  an  

i n v a r i a n t  l a t i t u d e  of 65" i s  down by a f a c t o r  o f  t e n  from t h e  peak v a l u e s  

mentioned above. This  l a t i t u d e  c o r r e c t i o n  i s  probably t o o  l a r g e  ( i . e .  t h e  

c o r r e c t i o n  f a c t o r  0.1 i s  t o o  s m a l l )  a s  judged from a comparison of t h e  

l a t i t u d e  d i s t r i b u t i o n  of pas ses  i n  which t h e  i n t e n s i t y  of p r e c i p i t a t e d  e l e c t r o n s  

wi th  e n e r g i e s  g r e a t e r  than 250 kev was g r e a t e r  than 3.2010 /cm sec  s ter  

(Fig.  8 of McDiarmid e t  a l . ,  1963) and t h e  corresponding diagram f o r  40 kev. 

The r e s u l t i n g  s p e c t r a  a r e  thus  t o o  s t e e p  r a t h e r  t han  t o o  f l a t .  The abso rp t ion  

caused by e l e c t r o n s  i n  t h e  energy range 40 - 250 kev i s  t h e r e f o r e  probably 

l a r g e r ,  r a t h e r  than sma l l e r ,  than t h e  va lues  p re sen ted  below. 

3 2 

From t h e  two i n t e g r a l  f l u x  va lues  g iven  above f o r  each range of 

magnetic a c t i v i t y  w e  can d e r i v e  e q u i v a l e n t  two-parameter s p e c t r a .  For 

I$ <; 4 an exponent ia l  equ iva len t  d i f f e r e n t i a l  spectrum i s  found t o  be 

n (E)=2.10 e -E'41 e l ec t rons / cm s e c  s te r  kev and f o r  Kp > 4 : n (E)=3.8.10 e 

2 e l ec t rons / cm sec s te r  kev. 

4 -E/30 

I 

An equivalent  two-parameter average d i f f e r e n t i a l  spectrum f o r  t h e  primary 

e l e c t r o n s  i n  the energy range 1 - 40 kev can be obtained from t h e  r e s u l t s  of t h e  

In jun  3 measurements presented by (O'Brien,  1964). 
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The d a t a  were t aken  i n  e a r l y  1963 a t  a l t i t u d e s  between 237 and 2785 

km. The i n c l i n a t i o n  of t h e  o r b i t  of Injun 3 was 70.4O and the  s a t e l l i t e  

t h u s  passed over  t h e  c e n t r a l  p o l a r  cap over  no r the rn  Canada. 

g i v e s  t h e  average i n t e g r a l  f l u x  f o r  p r e c i p i t a t e d  e l e c t r o n s  with E > 40 

kev as  4.10 e l ec t rons / cm sec i n  t h e  a u r o r a l  zone. This w a s  obtained 

by means of a Geiger-Mcller t ube ,  A CdS-detector on I n j u n  1 gave t h e  

energy f l u x  a s s o c i a t e d  with e l e c t r o n s  of energy g r e a t e r  t han  about  one 

kev. 

O'Brien 

- 
5 2 

2 
The i n t e g r a l  f l u x  of 4 , i 0 5  electrons/cm sec corresponded t o  an 

L energy f l u x  of about 4 ergs/cm seco  O'Brien and Taylor  (1964) s t a t e  t h a t  

t h e s e  d a t a  can be considered a s  accu ra t e  to a f a c t o r  of about  3. Corresponding 

t o  t h e s e  two average f l u x  va lues  i s  t h e  average e q u i v a l e n t  exponent ia l  

e lectrons/cm sec kev. This spectrum i s  spectrum n(E) = 7.8.10 e 

f a i r l y  c l o s e  t o  t h e  spectrum ( c c ~ - ~ / ~ )  considered i n  some numerical d e t a i l  

by H u l t q v i s t  (1964). 

t h e  same i n t e g r a l  e l e c t r o n  f l u x  f o r  E > - 40 kev a s  7.8.10 e 

c m  sec kev,but  t h e  corresponding energy f l u x  f o r  E > 1 kev i s  9 ergs/cm sec 

2 7 4 f 5 . 7  

2 I n  f a c t  n(E) = 2.4.10 e -E/5 e lec t rons l cm s e c ' k e v  g i v e s  

e l e c t r o n s  / 
7 -E/5.7 

2 2 - 
i n s t e a d  of 4. 

obtained with t h e  va lue  9 ergs/cm s e c  i s  5 ergs/cm sec p e r  kR, which i s  midway 

I n  f a c t  the energy input  r a t e  p e r  u n i t  of l i g h t  efnission ra te  

2 2 

between t h e  corresponding v a l u e s  of McIlwain (1960) and O'Brien (1964) ( c f .  

H u l t q v i s t ,  1964b). 

R e l a t i o n s  between average i n t e g r a l  f l uxes  measured i n  sa te l l i t es  and average 

a b s o r p t i o n  va lues  

The radio-wave a b s o r p t i o n  f o r  the r iome te r  frequency 27.6 Mc/s i n  t h e  

a u r o r a l  zone i s  given f o r  t h e  ordinary r ay  by t h e  Appleton-Hartree expres s ion  

as  00 
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where Ne i s  the e l e c t r o n  d e n s i t y  and IJ t h e  e l e c t r o n  c o l l i s i o n  frequency. 

The temporal s t r u c t u r e  of t h e  e l e c t r o n  p r e c i p i t a t i o n  measured by Aloue t t e  

and l n j u n  3 i s  unknown. However, i f  t h e  e q u i l i b r i u m  r e l a t i o n  between Ne and 

t h e  i o n i z a t i c n  r a t e ,  q ( h ) ,  i s  used f o r  e v a l u a t i o n  of e l e c t r o n  d e n s i t y  and 

a b s o r p t i o n ,  overly l a r g e  v a l u e s  w i l l  c e r t a i n l y  be obtained.  Since t h e  

e f f e c t i v e  recombination c o e f f i c i e n t  dec reases  from 60 t o  100 km a l t i t u d e  

t h e  overest imat ion w i l l  be most important i n  t h e  upper p a r t  of t h i s  

h e i g h t  i n t e r v a l .  The re la t ive  c o n t r i b u t i o n  t o  t h e  abso rp t ion  from t h e  

lowest p a r t  of t h e  he igh t  i n t e r v a l  mentioned w i l l  t h e r e f o r e  be h i g h e r  

than what i s  found below i n  t h i s  no te .  It does n o t  seem probable  t h a t  

t h e  e r r o r  i n  the average e l e c t r o n  d e n s i t y  i n  t h e  lowermost p a r t  of t h e  

h e i g h t  range 60 t o  100 km due t o  unequi l ibr ium would exceed a f a c t o r  of 

two, s i n c e  the r a t e  of v a r i a t i o n  of t h e  e l e c t r o n  d e n s i t y ,  as seen on 

r iometer  r eco rds ,  g e n e r a l l y  i s  slow compared wi th  t h e  recombination time 

i n  t h a t  p a r t  of t h e  ionosphere.  A s  such an  inaccuracy does no t  i n v a l i d a t e  

t h e  conslusions drawn i n  t h i s  n o t e  w e  t hus  w r i t e  

N e w  = [I i h ) / o i +  y and 

00 

L, 

A-0. 46 0 1 3.34 * 0 

where t h e  bars  i n d i c a t e  average v a l u e s  f o r  t h e  t i m e  f u n c t i o n  i n  ques t ion .  

The d a t a  obtained from t h e  above-mentioned s a t e l l i t e  measurements 

above t h e  atmosphere a r e  t h e  fol lowing t ime-average va lues :  
00 - 
[ n E )  CPE = N(74o) m 

J 

40 

2;* 

e l  ec t rons /emL s ec , 

2 e lec t rons / cm s e c ,  
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2 ergs/cm sec.  

L.=l 

N i b  40)  r e p r e s e n t s  a s i n g l e  s a t e l l i t e  measurement of t h e  i n t e g r a l  f l u x  

above 40 kev energy, The average ior,:zatioc r a t e  a t  heighr  h i s  given by 

even i f  t h e  e l e c t r o n  p r e c i p i t a t i o n  i s  n o t  homogeneous over a l a r g e  a r e a ,  

due t o  t h e  e f f e c t  of t he  geomagnetic f i e l d .  Q i s  t h e  average amount of 

energy used i n  producing m e  e l e c t r o n - i a n  p a i r  ( 3 5  ev i n  molecular n i t r o g e n )  

and n (E ,h )  i s  t h e  omnidirect ional  d i f f e r e n t i a l  f l u x  of e l e c t r o n s  of energy E 

a t  a l t i t u d e  h ,  For a given p a r t i c l e  e re rgy ,  E ,  and angu la r  d i s t r i b u t i o n  

o u t s i d e  t h e  atmcsphere,  R ( E , ~ )  C ~ C  be w r i t t e n  

n (E ,h )  = n(E) F ( E , R )  

where n(E) i s  t h e  omnid i r ec t iona l  d i f f e r e n t i a l  f l u x  o u t s i d e  t h e  atmosphere 

and F (E ,h ) ,  which w n t a i n s  t h e  information about t h e  angu la r  d i s t r i b u t i o n  o u t -  

s i d e  t h e  atmosphere, g ives  t h e  ac t enea t ion  i n  t h e  atmosphere. Thus 
aQ - - 

dh 
d F ( 6 h )  

Q .  0% .- 

00 

q h )  = 1 { Z n r E )  
dF 
dh where t h e  l a s t  e q u a l i t y  i s  t rue  i f  - i s  t h e  same f o r  a l l  f l u x e s  used i n  t h e  

averaging i . e .  i f  t he  d i r e c t i o n a l  d % s r r i b u t i o n  of t h e  e l e c t r o n s  o u t s i d e  t h e  

atmosphere does n o t  vary from one passage t o  ano the r .  This i s ,  of c o u r s e ,  
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no t  n e c e s s a r i l y  s o ,  bu t  t h e r e  i s  some experimental  suppor t  f o r  angu la r  

d i s t r i b u t i o n  being i d e n t i c a l ,  namely i s o t r o p i c ,  a t  l e a s t  i n  t h e  c a s e s  of 

i n t e n s e  p r e c i p i t a t i o n  (O’Brien, 19641, i . e .  i n  t h o s e  measuring va lues  t h a t  

c o n t r i b u t e  most t o  t h e  average. It was a l s o  poin ted  ou t  by H u l t q v i s t  (1964 a )  

t h a t  t h e  r ad io  wave abso rp t ion  produced by an  e 

e l e c t r o n s  en te r ing  t h e  atmosphere v e r t i c a l l y  i s  s m a l l e r  by less than  50% of 

i t s  va lue  than t h e  abso rp t ion  produced by an  i s o t r o p i c  f l u x  of i d e n t i c a l  

energy d i s t r i b u t i o n  b u t  of 2 7~ t imes  g r e a t e r  omnidi rec t iona l  f l u x  value.  

The v a r i a t i o n  of t h e  d i r e c t i o n a l  d i s t r i b u t i o n  of t h e  p r e c i p i t a t e d  e l e c t r o n s  

from one p rec ip i t a t io r l  ever i t  t o  ano the r  does t h e r e f o r e  probably n o t  a f f e c t  

t h e  average s i g n i f i c a n t l y ,  and it i s  neglec ted  i n  t h e  cons ide ra t ions  below. 

- E l 5  
d i f f e r e n t i a l  spectrum of 

When t h e  two energy ranges about  which informat ion  was obtained from 

In jun  3 ( 1  - 40 kev)  and Alouet te  (40 - 250 kev)  a r e  cons idered ,  i t  can 

be found by numerical computations t h a t  t h e  c o n t r i b u t i o n  t o  4 from p a r t i c l e s  

o u t s i d e  t h e  energy ranges i s  n e g l i g i b l e .  

Thus WE can w r i t e ,  wi th  the  use of t h e  mean va lue  theorem f o r  i n t e g r a l s ,  

where E ,  i s  a .value between 1 and-, and f o r  t he  h igh  energy range 
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I f  w e ,  f o r  i n s t a n c e ,  adopt  t h e  approximate formula f o r  F(E,h) of 

Maeda (1963) and d e r i v e  a two parameter average energy d i s t r i b u t i o n  from 

-. N ( > 40) and (> 1 )  f o r  t h e  energy i n t e r v a l  1-40 kev and from N ( > 40) 

and N ( > 250) f o r  t h e  i n t e r v a l  40-250 kev, simple c losed  expres s ions  

dF(E ,h)  can be de r ived  f o r  { dh E 1  and [E dF:E’h) 3.2 ’ 
I f  t h e  d i f f e r e n t i a l  energy d i s t r i b u t i o n  corresponding t o  t h e  ex- 

per imental  average i n t e g r a l  f l u x  v a l u e s  a r e  assumed t o  be exponen t i a l  

i n  both energy i n t e r v a l s  t h e  expressions a r e  a s  fol lows:  

and \ 

bl i s  t h e  e - f o l d i n g  va lue  i n  t h e  energy i n t e r v a l  1-40 kev and b2 i n  t h e  

(Maeda, 1963) and E i  ( -x / a )  6 -2.2 range 40-250 kev. l /a (E) = 3-18.10 E 
00 

-2 - e z ‘dz. x i s  t h e  
- 

i s  t h e  exponent ia l  i n t e g r a l  de f ined  by -Ei(-y) = 

L atmospheric depth i n  g/cm , y ( h )  i s  t h e  atmospheric d e n s i t y ,  and E i s  

everywhere measured i n  kev. 

W e  t h u s  see t h a t  ’ n j  can be expressed i n  terms of t h e  s a t e l l i t e -  

measured averages +(>) and N(> 40). 

i s  given i n  terms of q’ i n  (1) and n o t  i n  terms of s. 
But t h e  average cosmic n o i s e  abso rp t ion  

7 

i=r 

e - p”i” 0 
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I 

I a s  50% even f o r  a small number of t e r m s  and f o r  r a t i o s  between t h e  v a r i o u s  

We can t h e r e f o r e  w r i t e  wi th  s u f f i c i e n t  accuracy f o r  t h e  c o n s i d e r a t i o n s  

be l  ow: - 
- 

where 

may be obta ined  from ( 4 )  and (51, r e s p e c t i v e l y .  The average abso rp t ion  

i s  thus  expressed i n  terms of t h e  average  i n t e g r a l  f l u x e s  measured by t h e  

s a t e l l i t e s .  

The in tegrands  i n  ( 6 )  and ( 7 )  depend only on atmospheric  p r o p e r t i e s  

and t h e  average f l u x  a s  func t ion  of energy and can t h e r e f o r e  be  eva lua ted  

from sa t e l l i t e -measu red  average s p e c t r a .  I f  t h e  average spectrum i s  

def ined  only i n  two p o i n t s ,  a s  i s  t h e  c a s e  wi th  t h e  In jun  3 and Aloue t t e  

r e s u l t s ,  an assumption has  t o  be made about t h e  shape of t h e  spectrum between 

those  p o i n t s .  Exponential s p e c t r a  a r e  used below. The main u n c e r t a i n t y  i n  

t h e  r e s u l t s  obtained i s  c e r t a i n l y  due t o  t h e  l i m i t e d  amount of 

a v a i l a b l e  s t a t i s t i c a l  d a t a  and t h e  enormous v a r i a t i o n  t h a t  t h e r e  i s  i n  

i t ,  whi le  t h e  unce r t a in ty  i n  t h e  d e t a i l e d  shape of t h e  spectrum between 

t h e  measuring po in t s  probably in t roduces  only  minor u n c e r t a i n t i e s .  

5 
qi a s  high a s  10 . 
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E lec t ron  d e n s i t y  p r o f i l e s  and absorp t ion  due t o  t h e  equ iva len t  average s p e c t r a  

The exponent ia l  e l e c t r o n  energy spectrum f o r  K < 4 i s  e x a c t l y  t h e  same a s  P 

t h e  spectrum f o r  which Hultqvist ,  0.964) c a l c u l a t e d  t h e  he igh t  p r o f i l e .  The 

e q u i l i b r i u m  e l e c t r o n  d e n s i t y  curve No. 1 i n  F i g m  1 has  been obta ined  from 

H u l t q v i s t  I s  (1964) r e s u l t s  by mul t ip ly ing  by {zi H u l t q v i s t f s  

computations w e r e  made f e r  v e r t i c a l l y  i n c i d e n t  e l e c t r o n s  of energy spectrum 

p ropor t iona l  t o  exp(-EILl) ,  However, t h e  abso rp t ion  produced by ce -E 141 

2 e lec t rons l cm see kEv e n t e r i n g  t h e  atmosphere v e r t i c a l l y ,  i s  probably less 

Lhan t h a t  caused by ce 

P 
2 e lec t ro r s l cm sec s t e a  kev, having i s o t r o p i c  -E / h1 

d i r e c t i o n a l  distribution autside the atmosphere, by less than 50% of t h i s  

h i g h e r  va lue .  The t o c a l  absorpr ion  f o r  a f requency of 27.6 Mc/s expected 

from t h e  e l e c t r o n  d e n s i t y  curve No, 1 i n  F i g o  1 i s  0.32 db. 

An upper l i m i t  t o  t h e  e l e c t r o n  dens i ty  p r o f i l e  and t o t a l  abso rp t ion  

i s  obtained from produced by an  e l e c t r o n  energy spectrum of 3.8.10 e 

, which i n  t y r n  can e a s i l y  be found from t h e  va lues  computed 3.8,lO e 

by H u l t q v i s t  (1964). In  t h i s  way curve N o ,  2 i n  Fig.  1 has been der ived .  

4 -El30 

4 -El41 

The corresponding l i m i t i n g  t o t a l  absorp t ion  f o r  r a d i o  waves of frequency 

27.6 Mc/s i s  1.4 db. Probably t h e  c o r r e c t  va lue  f o r  t h e  spectrum wi th  

an  e - f o l d  va lue  of 30 kev i s  c l o s e  t o  1 db. A lower l i m i t  f o r  i t  i s , o f  

cour se ,  t h e  va lue  g iven  above f o r  I$ < 4 (0,32 db).  

a - ~ / 5  
For  t h e  equ iva len t  average spectrum f o r  t h e  range 1 - 40 kev, 2.4.10 e 

2 
e lec t rons /cm sec kev,the numerical c a l c u l a t i o n s  of H u l t q v i s t  (1964) can  be 

employed. The e l e c t r o n  d e n s i t y  p r o f i l e  No, 3 i n  F ig .  1 has been der ived  by 

means of them. The t o t a l  absorpt , ion a t  27,6 M c / s  due t o  t h i s  e l e c t r o n  d e n s i t y  

p r o f i l e  i s  0.09 db. 
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Discussion 

The i n c r e a s e  of t h e  p i t c h  a n g l e  of an e l e c t r o n  due t o  t h e  magnetic f o r c e s  

when i t  passes  a long t h e  f i e l d  l i n e  down i n t o  t h e  atmosphere has  n o t  been 

taken i n t o  account. A s  a l l  measurements were made c l o s e  t o  t h e  e a r t h ' s  

s u r f a c e  t h i s  n e g l e c t i o n  does c e r t a i n l y  n o t  i n t r o d u c e  any l a r g e  e r r o r .  I t s  

e f f e c t ,  i f  any, would be t o  i n c r e a s e  t h e  h e i g h t  of t h e  i o n i z a t i o n  produced 

by t h e  p a r t i c l e  p r e c i p i t a t i o n .  

There a r e  seve ra l  s impl i fy ing  assumptions and approximations made, which 

tend t o  make t h e  deduced e f f e c t  oE t h e  e l e c t r o n s  i n  t h e  energy range 40-250 kev 

t o o  small  r e l a t i v e  t o  t h a t  of t h e  1-40 kev e l e c t r o n s .  One i s  t h a t  H u l t q v i s t ' s  

(1964a) numerical values f o r  v e r t i c a l l y  p e n e t r a t i n g  e l e c t r o n s  have been 

employed. A s  mentioned e a r l i e r ,  t h i s  may make t h e  abso rp t ion  t o o  small 

by n o t  more than 50% of t h e  va lue  f o r  t h e  case of i s o t r o p i c  e l e c t r o n  a n g u l a r  

d i s t r i b u t i o n  ou t s ide  t h e  atmosphere, and by s t i l l  l e s s  of t h e  va lue  f o r  t h e  

e l e c t r o n s  i n  the loss cone. A second f a c t  c o n t r i b u t i n g  t o  t h e  computed 

abso rp t ion  value f o r  40-250 kev e l e c t r o n s  being t o o  small  i s  t h a t  t h e  e q u i v a l e n t  

average spectrum i n  t h i s  energy i n t e r v a l  i s  probably less  s t e e p  than t h e  

s p e c t r a  used i n  t h e  numerical e s t i m a t i o n s .  A t h i r d  approximation working 

i n  t h e  same d i r e c t i o n  i s  t h a t  t h e  e q u i l i b r i u m  r e l a t i o n  between e l e c t r o n  

d e n s i t y  and t h e  i o n i z a t i o n  ra te  w a s  used. This  makes t h e  computed abso rp t ion  

overest imated.  Since t h e  e f f e c t i v e  recombination c o e f f i c i e n t  dec reases  from 

60 km upwards t h e  ove res t ima t ion  w i l l  be most important  a t  g r e a t e r  h e i g h t s .  

It does n o t  seem probable  t h a t  t h e  e r r o r  i n  t h e  average a b s o r p t i o n  p e r  u n i t  

h e i g h t  i n  t h e  lowermost p a r t  due t o  unequ i l ib r ium would exceed a f a c t o r  of 

two, s i n c e  the r a t e  of v a r i a t i o n  of t h e  e l e c t r o n  c o n t e n t ,  a s  s een  on r iometer  

1 
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r e c o r d s ,  most ly  i s  slow compared with t h e  recombination t ime i n  t h a t  p a r t  

of t h e  ionosphere,  

On t h e  o t h e r  hand t h e r e  wa5 an  assumption made which tends t o  make t h e  

c o n t r i b u t i o n  by e l e c t r o n s  i n  t he  1-40 kev range too small compared t o  t h a t  

of t h e  40-250 kev e l e c t r o n s ,  The average p r e c i p i t a t e d  e l e c t r o n  f l u x  above 

40 kev energy was given by 0’Brie.r; a s  4-1.0~ electrons/cm s e c ,  

assumed above t h a t  t h i s  omnidirect ional  f l u x  was i s o t r o p i c  over  t h e  upper 

hemisphere j u s t  DJtshde t h a t  level. where t h e  energy l o s s  of t h e  e l e c t r o n s  

s t a r t s  to be c i g n i f i c a n t ,  i 9 e a  a t  200 h, s a y .  This i s  probably n o t  f a r  

from t h e  t r u t h ,  b u t  t he  f l i x  may ~ C F .  ~ F W  l imi red  t o  a somewhat sma l l e r  

s o l i d  a n g l e  than 2 IT. Had t h i s  real angu la r  d i s t r i b u t i o n  been known and 

taken i n t o  account t h e  c a l c u l a t e d  abso rp t ion  would have been somewhat g r e a t e r .  

Although only t h e  o r d e r  of magnitQde of t h e  a b s o l u t e  va lues  of a b s o r p t i o n  

2 It was 

seems t o  be s i g n i f i c a n t ,  t h e  r a t i o  of c o n t r i b u t i o n s  of t h e  two energy i n t e r v a l s  

of p r e c i p i t a t e d  e l e c t r o n s ,  d i scussed  i n  t h i s  n o t e ,  i s  probably u n c e r t a i n  by no 

more than a f a c t o r  of t h r e e .  A more a c c u r a t e  a n a l y s i s  than t h e  one given 

above seems no t  worthwhile o r  p o s s i b l e  on t h e  b a s i s  of e x i s t i n g  experimental  

d a t a .  

The e l e c t r o n  d e n s i t y  p r o f i l e s  i n  Fig.  1 a s  w e l l  a s  t h e  t o t a l  a b s o r p t i o n  

va lues  de r ived  from them a r e  these f o r  t h e  daytime, On t h e  n i g h t  s i d e  of t h e  

e a r t h  t h e  e l e c t r o n  d e n s i t i e s  may poss ib ly  be somewhat lower than t h o s e  i n  

Fig.  1 f o r  a l t i t u d e s  less zhan 90 km due t o  nega t ive  i o n  p roduc t ion ,  

The v a l u e s  used a s  b a s i s  f o r  t h e  model s p e c t r a  a r e  average f l u x e s .  

The range of v a r i a t i o n  i s ,  as  mentioned, very l a r g e ,  O’Brien (1964) found 

t h a t  t h e r e  w a s  always some p r e c i p i t a t i o n  i n  t h e  a u r o r a l  zone. The lowest  
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va lue  observed by him t h e r e  was about 2*10'4 of h i s  average v a l u e  quoted 

above. The maximum va lues  shown i n  h i s  paper  were about 15  t i m e s  g r e a t e r  

t han  t h e  average. 

r a t e  correspond extreme va lues  of e q u i l i b r i u m  e l e c t r o n  d e n s i t i e s  70 t imes 

smaller and 4 t i m e s  g r e a t e r  than t h e  average r e s p e c t i v e l y ,  

a 1  . (1963) showed s i m i l a r  v a r i a t i o n  ranges.  

To t h e s e  minimum and maximum values  of t h e  i o n i z a t i o n  

McDiarmid e t  

The u s e  of exponent ia l  model s p e c t r a  w a s  motivated simply by t h e  

f a c t  t h a t  numerical va lues  were a l r e a d y  a v a i l a b l e  from H u l t q v i s t  (1964). 

It should be remembered t h a t  each of t h e s e  s p e c t r a  were obtained from 

only two pieces  of experimental  information and they a re  only very rough 

d e s c r i p t i o n s  of s p e c t r a  which a r e  not  known i n  d e t a i l .  I f  an equ iva len t  

spectrum i s  t o  be used,  as i n  t h i s  c a s e ,  t h e r e  seems t o  be a t  l e a s t  as  

good reasons t o  u s e  exponent ia l  ones a s  power l a w  s p e c t r a .  

i n d i c a t i o n s  of a f a i r l y  f l a t  spectrum wi thou t  any " i n f r a r e d  ca t a s t rophy"  

below a few kev (OfBrien,  1964, OlBrien and Taylor ,  1964) support  t h e  u s e  

of exponent ia l  s p e c t r a  i n  t h e  low energy range. 

The obse rva t iona l  

The observat ions of both McDiarmid e t  a l .  (1963) and of OlBrien (1964) 

i n d i c a t e  a f a i r l y  s t r o n g  l a t i t u d e  dependence of t h e  s p e c t r a l  s l o p e  and t h e  

equ iva len t  spec t r a  used above should t h e r e f o r e  be considered a s  r e p r e s e n t a t i v e  

only i n  t h e  au ro ra l  zone. 

The average t o t a l  abso rp t ion  v a l u e s  f o r  27.6 Mc/s given above f o r  t h e  

v a r i o u s  e l e c t r o n  s p e c t r a  : 

2 
( a )  

( b )  n(E) = 3.8.10 e 

( c )  

n(E) = 3.8.10 e -E/5 e l ec t rons / cm sec s ter  kev A4 .090  db 

e l ec t rons / cm 2 sec ster kev 

2 

( ~ p > 4 )  A d .  4 db 4 -E/30 

n(E) = 1.9.10 e -E/41 e l ec t rons / cm s e c  s ter  kev (Kp<4) A 4 . 3 2  db,  



i n d i c a t e  t h a t  t h e  f l a t :  t ype  of e l e c t r o n  spectrum with e - f o l d  values  g e n e r a l l y  

between 25-45 kev are  t h e  dominating one i n  producing a u r o r a l  abso rp t ion  i n  

t h e  average.  The abso rp t ion  due EO these s p e c t r a  t a k e s  p l a c e  mainly between 

60 and 90 km and no t  i n  the h e i g h t  i n t e r v a l  where most v i s i b l e  aurorae are  

l o c a t e d  

The range of variation of t h e  27.6 Mc/s abso rp t ion  corresponding t o  

the wide v a r i a t i o n s  of e l e c . t r m  f l u x e s  r epor t ed  by MzDiarmid e t  a l ,  (1963) 

and O'Brfen (1964)  i s  f r o m  t h e  Jrder of 0,O: db tc, 4 db, i f  smoothing due 

t o  time c o n s t a n t s  i n  :he innosphere L S  I=iag~e,te.d, and i s  caased by t h e  

v a r i a t i o n  of t h e  flux of t h e  hard spectrum e l e c t r o n s .  It should be 

remembered t h a t  t h e r e  w e r e  no s t r o n g  geomagnetic storms included i n  t h e  

material p re sen ted  by McDiamid e t  a l ,  (1963). 

The abso rp t ion  va lues  computed from t h e  s a t e l l i t e  measured e l e c t r o n  

f l u x e s  f o r  t h e  two ranges of magnetic a c t i v i t y  a r e  i n  q u i t e  good accordance 

wi th  t h e  mulrifrequeney r iome te r  measurements mentioned i n  t h e  i n t r o d u c t i o n ,  

a s  w e l l  a s  with t h e  average absDrption du r ing  t h e  f i v e  most d i s t u r b e d  days 

and f i v e  most q u i e t  days i n  each month, a s  observed over s e v e r a l  y e a r s  a t  

Col lege (geomagnetic l a t i t u d e  64,5O) by Basler (196.3). For t h e  d i s t u r b e d  

days he found a d a i l y  average of about B db i n  t h e  summer and between 1 and 

2 db i n  w i n t e r  and a t  equinoxes. For the q u i e t  days t h e  d a i l y  average 

obtained from h i s  f i g u r e  7 i s  about 0.3 db. 
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Figure Caption 

Figure 1. 

spectra  of precipitated electrons. 

absorption, A, a t  27.6 Mc/s are given i n  the figure.  

Equilibrium electron density prof i les  due to  three energy 

The spectra  as well as the t o t a l  

Curve No. 2 

gives an upper l i m i t  fo r  the equilibrium electron density. d i s t r ibu t ion  

produced by the spectrum 3.8.10 e ‘E’30(cm2sec ster kev), 

l i m i t  for t h i s  spectrum. is curve Noa 1. 
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